Root aerenchyma formation is considered to be one of the most important characteristics for adapting to flooding. Using an F 2 population of maize B64 × teosinte Zea nicaraguensis, we earlier found that, in Z. nicaraguensis, quantitative trait loci (QTLs) in two regions of chromosome 1 (Qaer1.02-3 and Qaer1.07) are associated with aerenchyma formation under non-flooding conditions. The objective of this study was to determine the utility of these (and any other) aerenchyma QTLs in marker-assisted maize breeding. For this study, an elite maize Mi29 × teosinte Z. nicaraguensis 214 BC 2 F 1 individual population was used for advanced backcross-QTL mapping (AB-QTL). An SSR-based map was constructed using 94 markers, covering 852.7 cM for the ten chromosomes. Mapping revealed that a QTL for aerenchyma formation under non-flooding conditions exhibiting a larger effect was located on chromosome 1 (bin 1.06), the position of which was close to the previously identified Qaer1.07. Also, two QTLs with minor effects were mapped to a different position on chromosomes 1 (bin 1.11) and 5 (bin 5.09). With a few additional backcrosses, it will be possible to obtain near-isogenic lines possessing aerenchyma-forming genes. These materials may be useful in breeding flooding-tolerant maize hybrids.
Introduction
Flooding or waterlogging stress is one of the most important and widespread problems of maize production. Low oxygen concentration in the rhizosphere during flooding leads to a reduction of plant growth. Tolerance to flooding is genetically complex, being related to several morphological, anatomical and physiological traits. Recently, wild species have been noted to be valuable genetic resources toward the breeding of flooding-tolerant crops (Colmer et al. 2007 , Kubo et al. 2007 . In our study, we used a series of teosintes, a wild progenitor of maize, as a foundation for examining flooding tolerance . Of the various teosintes (Doebley and Iltis 1980 , Iltis and Doebley 1980 , Iltis and Benz 2000 , only Zea nicaraguensis grows in frequently flooded lowlands (Bird 2000, Iltis and Benz 2000) . Several previous studies under greenhouse conditions revealed that this teosinte possesses several traits related to flooding tolerance: the ability to grow adventitious roots at the soil surface during flooding (Bird 2000) , tolerance to toxins under reducing soil conditions and formation of lysigenous aerenchyma in wellaerated conditions (Mano et al. 2006, Omori and Mano 2007a) , much like flooding-tolerant rice (Jackson et al. 1985 , Colmer 2003 . The capacity to form lysigenous aerenchyma under well-aerated conditions may be relevant to increased soil flooding tolerance since a plant possessing aerenchyma channels in non-flooding, drained soil conditions may rapidly adapt to soil flooding conditions. In this study, we focused on the plant's capacity to form aerenchyma channels in roots (Yamasaki 1952 , Arikado and Adachi 1955 , Armstrong et al. 1991 , Stanca et al. 2003 .
In a previous study using 141 F 2 individuals generated from maize inbred B64 × Zea nicaraguensis cross, quantitative trait loci (QTLs) controlling root aerenchyma formation under non-flooding, drained soil conditions were identified on two regions of chromosome 1 (identified as Qaer1.02-3 and Qaer1.07), chromosome 5 (Qaer5.09) and chromosome 8 (Qaer8.06-7). Alleles Qaer1.02-3 and Qaer1.07 found in Z. nicaraguensis were identified to increase the degree of aerenchyma completion ). Although we successfully identified QTLs controlling root aerenchyma formation using an F 2 population, it is difficult to perform fine mapping in the F 2 generation. Also, QTL information concerning root aerenchyma obtained in the F 2 mapping study may not be directly applicable to further breeding since Z. nicaraguensis segregates the germplasm and may or may not possess different aerenchyma QTLs within a segregating Z. nicaraguensis population.
An advanced backcross (AB) mapping strategy Nelson 1996, Tanksley et al. 1996) has been used not only for identification of QTLs but also for the Communicated by T. Yamamoto Received March 17, 2008 . Accepted May 9, 2008 transfer of valuable QTL from donor to elite lines. AB-QTL mapping has been used in studies of tomato , Fulton et al. 1997 , Frary et al. 2004 , rice (Xiao et al. 1998 , Yamamoto et al. 1998 , wheat (Huang et al. 2004 ) and barley (Pillen et al. 2003) . This method, using a BC 2 or BC 3 population of an interspecific cross, is a useful breeding strategy because once the QTLs are identified, it will be possible to develop near-isogenic lines or a series of chromosome segment substitution lines with a few additional backcrossing and selfing.
The maize inbred line "Mi29" exhibits high resistance to southern leaf blight and sheath blight, high resistance to lodging and very high combining ability (Ikegaya et al. 1999) , and is used for F 1 hybrid breeding in Japan; however, no information regarding the molecular linkage map has been obtained in a Mi29 × teosinte population. The objectives of this study were (1) to construct a linkage map of a Mi29 × Z. nicaraguensis BC 2 population; (2) to verify previously identified QTL positions controlling aerenchyma formation; and (3) to determine the utility of aerenchyma QTLs from a teosinte in improving the elite maize inbred line Mi29.
Materials and Methods

Plant materials
An elite dent maize inbred line, Mi29, developed at the National Agricultural Research Center for Kyushu Okinawa Region, was obtained from the Forage Crop Breeding Research Team, National Institute of Livestock and Grassland Science, Nasushiobara, Japan, and the teosinte, Z. nicaraguensis (CIMMYT 13451), was provided by the International Maize and Wheat Improvement Center (CIMMYT), Mexico. Seedlings of Mi29 exhibit low capacity for developing aerenchyma in adventitious roots under non-flooding, drained soil conditions (Y. Mano, unpublished) , while those of Z. nicaraguensis exhibit high capacity, filling about 20% of the root cortex ( Fig. 1 ; Mano et al. 2006) . Z. nicaraguensis is not a pure line, so it was self-pollinated in the greenhouse in two winters to develop a stable aerenchyma-forming S2 generation for use in genetic analysis. A single F 1 plant derived from a cross between Mi29 × Z. nicaraguensis was crossed to Mi29 (as the female) and 42 BC 1 F 1 plants were obtained. These 42 BC 1 F 1 plants were backcrossed using Mi29 as the pollen parent to produce BC 2 F 1 seeds. For analysis, 214 BC 2 F 1 individuals grown from 4-6 BC 2 F 1 seeds from each of 42 BC 1 F 1 spikes were grown in a greenhouse maintained at a temperature of 30°C day/25°C night with natural light with 13-14 hours' day length.
Root anatomy
Under non-flooding conditions (i.e. in drained soil), aerenchyma channels in roots were observed in adventitious roots (shoot-born crown) that emerged at the second node of the six-leaf stage of the seedlings (approximately four weeks old), as described in Mano et al. (2006) . The degree of aerenchyma completion in the root cortex was scored visually: 0 (no aerenchyma), 0.5 (partial formation), 1 (radial formation) and 2 (radial formation extended toward the epidermis) and these values were used to determine the approximate percentage of aerenchyma in the root cortex, corresponding to 0%, ~10%, ~20% and ~35%, respectively. For QTL analysis, we averaged scores at 10 cm and 15 cm from the root tips of two adventitious roots (4 positions); a higher degree of aerenchyma formation is observed at these positions (Mano et al. 2006) .
SSR analysis
Approximately 1-4 μg of DNA was isolated from 50 mg of fresh leaf tissue using the method described by Komatsuda et al. (1998) . Based on the SSR list available at the MaizeGDB (http://www.maizegdb.org/ssr.php), 94 useful SSR primer pairs were selected to construct a linkage map. SSR analysis was performed as described by Mano et al. (2005) .
Segregation distortion and map construction
Segregation ratios at each marker were tested for goodness of fit to the expected frequency of heterozygotes for a BC 2 F 1 population (25%) using the Chi-square method. To obtain a genome-wise significance criterion of α ≤ 0.05 for this number (94) of 2-class Chi-square tests, an approximate sequential Bonferroni-Holm correction (Rice 1989 ) was applied to ensure an appropriate test-wise significance criterion (i.e., α′ = 0.05/94 = 0.0005).
The frequency of donor chromosome segments (heterozygotes) in the recurrent parent (Mi29) genome was calculated using the QGene program (Nelson 1997) . For linkage map construction, markers were grouped according to a two-point analysis at LOD > 3.0 with a recombination fraction of 0.25, and the order of markers was determined by the "three-point" and "order" command, first at LOD > 3.0, and then at LOD > 2.0 using MAPMAKER/EXP 3.0 (Lander et al. 1987) . Recombination was computed in Haldane's mapping function using the QGene.
QTL analysis
Single-point regression analysis (SPA) and interval mapping (IM) were applied to map the QTLs controlling aerenchyma formation in BC 2 F 1 individuals using the QGene. Experiment-wise significance thresholds in SPA and IM were established at P < 0.05 and P < 0.01 by permutation tests (Churchill and Doerge 1994) . Based on 10,000 permutations, the threshold for SPA corresponded to F values of 12.5 for P < 0.05 and 16.6 for P < 0.01, and that for IM corresponded to LOD score values of 2.7 for P < 0.05 and 3.6 for P < 0.01, respectively.
Results
Aerenchyma formation
The degree of aerenchyma formation at the six-leaf seedling stage of the parents and BC 2 F 1 individuals was scored in non-flooding, drained soil conditions. Aerenchyma formation scores were 0.1 ± 0.1 (mean ± standard deviation, n = 10) for Mi29 and 1.7 ± 0.4 (n = 10) for Z. nicaraguensis (Fig. 1) . Scores of BC 2 F 1 individuals had a continuous distribution and were skewed toward a low degree of aerenchyma completion (average 0.2 ± 0.2, Fig. 2 ). Figure 3 shows the frequency of donor chromosome segments (heterozygotes) moved to the recurrent parent (Mi29) genome. The frequency of heterozygotes in BC 2 F 1 individuals ranged from 0.02 to 0.47 with a mean of 0.24 (n = 214, standard deviation = 0.09). This overall mean is quite close to the expected value of 0.25 for a BC 2 F 1 generation.
Proportion of donor chromosome segment
Linkage map
An SSR-based map was constructed using 94 markers, covering 852.7 cM at an average interval of 10.2 cM/ locus for the ten chromosomes (Fig. 4A) . The distances between markers were less than 20 cM and the largest gap between adjacent markers was 19.3 cM on chromosome 10. By comparing published maize SSR maps (Sharopova et al. 2002) , the coverage of the map was satisfactory for QTL mapping. On the long arm of chromosome 4, no recombination was found in the region of bin 4.07 (bnlg1784) -bin 4.11 (umc1716) also recently seen in other maize × teosinte 
Segregation distortion
Segregation ratios at each marker were tested for goodness of fit to the expected 3 : 1 proportions using the Chisquare method. Of the 94 SSR markers evaluated, 9 (9.6%) showed distorted segregation (P < 0.05). Four regions were indicated to be associated with segregation distortion: chromosome 2 (bin 2.08, the most extreme), chromosome 4 (4.07-11), chromosome 5 (5.07) and chromosome 6 (6.02) (Fig. 4A) . Distorted segregation regions on chromosomes 2, 5 and 6 were associated with a higher frequency of Mi29, whereas those on chromosome 4 favored a heterozygous genotype.
Mapping QTL for aerenchyma formation SPA and IM analyses detected three QTLs for aerenchyma formation: two regions of chromosome 1 (Qaer1.06, bin 1.06 and Qaer1.11, bin 1.11) and on chromosome 5 (Qaer5.09, bin 5.09) ( Table 1 ). Figure 4B shows LOD curves obtained by IM in significant linkage groups, chromosomes 1 and 5. The peaks of LOD curves were located between umc1754 -umc1254 for Qaer1.06, between umc1862 -umc1819 for Qaer1.11 and on umc1153 for Qaer5.09, respectively. There are two peaks for the Qaer1.06 region, and the distance between them is about 15 cM. Heterozygous genotypes increased the degree of aerenchyma completion in all QTLs. Since umc1153 was located in the terminal region of the long arm of chromosome 5 on a high-density B73 × Mo17 map (Sharopova et al. 2002) , we could not evaluate the flanking marker distal to Qaer5.09 or determine the exact QTL position. In addition, strong segregation distortion is known to decrease the sensitivity of QTL detection (Cheng and Ukai 1995) and such a region was observed around Qaer5.09 (Fig. 4A) ; therefore, the genetic contribution of QTL Qaer5.09 may be underestimated.
Discussion
Using a BC 2 population from an elite maize Mi29 × unique germplasm Z. nicaraguensis cross, we have constructed an SSR-based molecular linkage map covering almost all the genome. In addition, by using AB-QTL mapping, the QTL for aerenchyma formation under nonflooding conditions with a larger effect was mapped to chromosome 1, close to the previously identified QTL Qaer1.07. This QTL information will be used to develop flooding tolerant maize lines.
Linkage map
The map length throughout the genome of the evaluated Mi29 × Z. nicaraguensis BC 2 F 1 population was 852.7 cM (Fig. 4A) , much shorter than maize × maize maps (e.g., 1829.8 cM for Tx303 × CO159 and 1716.4 cM for T218 × GT119; Sharopova et al. 2002) . This difference is a widely recognized phenomenon in wide-cross hybridization of plants (Causse et al. 1994 , Choi et al. 2003 . Curiously, this map was much shorter than the B64 × Z. nicaraguensis F 2 linkage map of 1,224 cM long ) even though the same type of inbred maize (dent corn) and the same Z. nicaraguensis accession were used. The reduction in map length may be due both to wide hybridization and the use of an alternative procedure for development of the mapping population (BC 2 F 1 vs F 2 ).
In reciprocal crosses, male and female gametes differed in their levels of recombination. Genome-wide reduction via reduced recombination in male gametes was observed in tomato (de Vicente and Tanksley 1991) and Lycopersicon peruvianum (van Oijen et al. 1996) . In maize × teosinte Z. mays ssp. huehuetenangensis, a shorter map length in the BC 1 F 1 generation (produced using maize silks and F 1 Fig. 4 . Linkage map (A) and chromosome locations (B) of QTLs controlling aerenchyma formation in Mi29 × Z. nicaraguensis BC 2 F 1 population as identified using interval mapping (IM). LOD curves obtained by IM show only significant linkage groups on chromosomes 1 and 5. Significant threshold levels (2.7 for P < 0.05 and 3.6 for P < 0.01) were determined by permutation tests. Short arms of the chromosomes are on top. The scale is in centimorgans (Haldane units). Bin numbers, traditional methods for referring to the location/position of markers, are in parentheses before marker names. *, ** and *** indicate markers having distorted segregation at the P < 0.05, P < 0.01 and P < 0.001 levels, respectively. Significance levels are corrected according to Bonferroni-Holm sequential methods (Rice 1989 ).
pollen) was observed when compared to the results from F 2 generation analysis (Y. Mano and F. Omori, unpublished) . This suggests a lower frequency of recombination in male gametes when compared to recombination in both male and female gametes. In this study, the Mi29 × Z. nicaraguensis BC 2 F 1 population resulted from pollination by Mi29, while the first backcrossing was a result of pollination by F 1 , a complex situation with potential for recombination distortion.
Further comparison between reciprocal BC 1 F 1 maps should clarify this situation.
Segregation distortion
Four regions were shown to be associated with segregation distortion: chromosomes 2, 4, 5 and 6 (Fig. 4A) . Segregation distortion regions were not caused by artificial selection since the mapping population was developed using random selection in BC 1 F 1 -and BC 2 F 1 -generated individuals. The segregation distortion regions on chromosomes 2 and 5 were located within the known segregation distortion regions found on F 2 linkage maps using several other teosintes. The region of chromosome 2 overlapped that identified on the maize B73 × teosinte Z. luxurians map (Omori and Mano 2007b) , and the chromosome 5 region corresponded to regions in both B73 × Z. luxurians (Omori and Mano 2007b ) and teosinte Z. diploperennis × teosinte Z. mays ssp. parviglumis maps (Westerbergh and Doebley 2002) . In a comparison between the map in this study and maize × maize maps, the region on chromosome 4 overlapped the SDR4.2 region identified on B73 × Mo17, Mo17 × H99 and T218 × GT119 maps (Lu et al. 2002 , Sharopova et al. 2002 . The segregation distortion regions found in this study did not correspond to the widely recognized gametophyte factor gene, Ga1, on chromosome 4 (bin 4.01-3) of several teosintes and maizes (e.g. Stec 1993, Omori and Mano 2007b) .
Comparisons of QTL positions
QTLs of Z. nicaraguensis that control root aerenchyma formation under non-flooding, drained soil conditions have been mapped to two regions of chromosome 1, Qaer1.02-3 and Qaer1.07 . As shown in Figure 4B , there are two peaks in the Qaer1.06 region, and the distance between the peaks is about 15 cM. The position of the lower LOD peak overlapped Qaer1.07, a previously identified locus. Since in this study we utilized BC 2 F 1 individuals, it will soon be solved whether these peaks are two loci or a single locus by using developmental lines possessing the series of chromosome segments in the bin 1.06-7 region.
Qaer1.02-3 on the short arm of chromosome 1 identified by was not detected in this study; however, a new aerenchyma locus, Qaer1.11 was identified (Table 1) . One reason for this variation may be that Z. nicaraguensis is not a pure line. Although the Z. nicaraguensis used in this study, which was selfpollinated twice, has the same source as that used in , allele arrays in Z. nicaraguensis may slightly differ between the two mapping populations. Another possibility could be that different mapping populations (BC 2 F 1 ; this study vs F 2 ; ) affect the detection of QTLs. For the QTL identified on the long arm of chromosome 5 (Qaer5.09), its position was identical across both studies; however, the action of QTL was different. In this study, the Z. nicaraguensis allele expressed positive gene action toward aerenchyma formation while negative gene action in a previous study , suggesting that these QTLs may be different and that this new QTL may be named Qaer5.09n. The "n" designation indicates positive gene action of the Z. nicaraguensis allele.
Seedlings of Z. luxurians, a sister species of Z. nicaraguensis, also form root aerenchyma under unflooded conditions (Mano et al. 2006) , and QTLs controlling root aerenchyma in Z. luxurians were recently identified on chromosome 2 with a larger effect and on other chromosomes with minor effects (Mano et al. 2008) ; however, no overlapping of the positions of Z. nicaraguensis and Z. luxurians aerenchyma QTLs was found.
Perspectives for the future
The present study constructed a linkage map of a BC 2 F 1 population derived from a cross between the elite maize inbred line Mi29 and the novel annual teosinte Z. nicaraguensis using SSR markers evenly distributed throughout the c Significant thresholds levels (12.5 for P < 0.05 and 16.6 for P < 0.01) were determined by permutation tests. d Proportion of phenotyphic variance explained. e Significant thresholds levels (2.7 for P < 0.05 and 3.6 for P < 0.01) were determined by permutation tests. f 'n' indicates QTL contributing to Z. nicaraguensis allele.
genome (Fig. 4A) . SSR markers used in this study can be applied for the presence/absence confirmation of chromosome segments during the development of chromosome segment substitution lines (CSSLs). We have been developing a series of CSSLs each possessing a chromosome segment substitution from Z. nicaraguensis in the genetic background of the recurrent line (Mi29), as was widely done in rice mapping studies (Ebitani et al. 2005 , Takai et al. 2007 , Takeuchi et al. 2007 . Besides the capacity to form root aerenchyma without flooding, as analyzed in this study, Z. nicaraguensis exhibits high ability to form adventitious roots at the soil surface during flooding (Bird 2000) and tolerance to soil reducing or low redox potential (Eh) conditions due to flooding . The CSSLs will be useful to map these additional flooding tolerance-related traits.
In conclusion, we have verified QTL controlling root aerenchyma formation on chromosome 1 (bin 1.06 and/or 1.07) in Z. nicaraguensis. By additional backcrosses, it will be possible to obtain near-isogenic lines for each of one or more aerenchyma genes. The developed lines should be useful for the development of flooding-tolerant maize hybrids as well as the isolation of aerenchyma-forming genes by laser microdissection technique combined with transcript analyses (Nakazono et al. 2003 , Ohtsu et al. 2007 , Shiono et al. 2008 .
